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Introducción y objetivos 
Los aneurismas intracraneales son dilataciones de las paredes 
vasculares de las arterias cerebrales, su consecuencia más severa 
constituye la ruptura aneurismática causando hemorragia subaracnoidea 
y hematomas intracraneales, estas entidades conllevan una elevada 
mortalidad y se asocian a secuelas importantes entre los supervivientes, 
a pesar de ello, la mayoría de los aneurismas intracraneales no sangrarán 
a lo largo de la vida de un individuo. Cerca del 90% de los aneurismas 
intracraneales pertenecen al grupo de aneurismas saculares, los 
aneurismas fusiformes, traumáticos, fúngicos, disecantes y 
microaneurismas comprenden el 10% restantes. 
Los aneurismas intracraneales están presentes en 3 a 8% de la población 
general, los factores principales que determinan su presencia son la 
enfermedad renal poliquística, la historia familiar de aneurismas 
intracraneales, la presencia de factores de riesgo modificables como el 
hábito tabáquico, el consumo de alcohol y la hipertensión arterial. 
La historia natural de un aneurisma intracraneal se constituye de tres 
etapas, el desarrollo o génesis, el crecimiento o desestabilización y la 
ruptura aneurismática. Una debilidad innata o adquirida de la pared 
vascular arterial es un factor importante para el desarrollo de esta 
enfermedad. Los aneurismas intracraneales son más frecuentes en el 
género femenino y en el grupo de edades comprendido entre 35 y 60 
años. En estudios epidemiológicos se ha vinculado su presencia con el 
hábito tabáquico, con un OR de 3.0, y con la hipertensión esencial con 
un OR de 2.9, la presencia de ambos resulta sinérgica con un OR de 8.3. 
La incidencia cruda en Europa es próxima a 6.3 casos por 100.000 
personas-año. En ciertas localizaciones como Finlandia y Japón esta 
incidencia es más elevada y alcanza a 16 y 28 casos por 100.000 
personas-año respectivamente.   
La hemodinámica de la circulación arterial cerebral juega un rol 
importante en la fisiopatología de esta enfermedad, la tensión de 
cizallamiento parietal es una de las variables hemodinámicas más 
estudiadas en aneurisma intracraneales, ésta se define como la fuerza 
por unidad de área producida por el estrés friccional de la viscosidad 
sanguínea actuando en paralelo a la pared arterial. Es una variable de 
medición compleja, por ejemplo, no existe una única tensión de 
cizallamiento parietal para un aneurisma dado, sino más bien es un valor 
que cambia en cada momento del ciclo cardíaco en cada región del 
aneurisma, para su estudio sistematizado se emplean frecuentemente 
promediados temporales y espaciales, de manera que se permita su 
comparación entre dos aneurismas de un mismo paciente y entre dos o 
más pacientes diferentes. 
Los sitios de bifurcación arterial son puntos frecuentes para el desarrollo 
de aneurismas intracraneales, y se caracterizan por ser zonas con una 
tensión de cizallamiento parietal elevada y con un gradiente positivo a 
lo largo del flujo. El endotelio sensible a este insulto hemodinámico 
conduce cambios en su estructura a partir de señales bioquímicas que 
determinan la formación de sacos aneurismáticos. La geometría del 
aneurisma formado y la hemodinámica arterial son mutuamente 
causales, las paredes de un aneurisma precisan de un estrés 
hemodinámico determinado para mantener su estabilidad en un 
equilibrio de cambios eutróficos y destructivos. Las desviaciones 
hemodinámicas o geométricas de este punto de estabilidad conducen a 
cambios distróficos con la activación de señales bioquímicas que 
promueven la degradación de la matriz extracelular y la muerte celular. 
Este fenómeno puede alcanzar un punto en que la integridad estructural 
de la pared de un aneurisma se vea comprometida incluso con cambios 
leves de condiciones hemodinámicas como en condiciones fisiológicas, 
como es frecuente en la hemorragia subaracnoidea aneurismática. Una 
disciplina reciente denominada mecanobiología estudia las 
consecuencias biológicas y moleculares secundarias a cambios físicos, 




Una hipótesis unificadora reciente propone que ciertos fenómenos 
fisiopatológicos están dirigidos por una tensión de cizallamiento baja y 
otros fenómenos están dirigidos por una tensión de cizallamiento 
anormalmente elevada, sin embargo, en gran parte de los estudios 
publicados a la fecha, incluyendo un meta-análisis reciente, se establece 
que la tensión de cizallamiento parietal reducida está vinculada a la 
ruptura aneurismática.  
En esta serie de estudios se considera que una reducción de la tensión 
de cizallamiento parietal o un incremento del área de cizallamiento bajo 
(área del aneurisma sometido a una tensión de cizallamiento menor de 
10% medida en la arteria eferente) son marcadores de un riesgo 
incrementado de ruptura aneurismática y se consideran como 
subsidiarios de un riesgo de ruptura teórico incrementado. 
Dadas las limitaciones del estudio hemodinámico en un entorno real 
(por problemas éticos y metodológicos), grupos de investigación 
recientes se han volcado al estudio de la hemodinámica a partir de 
simulaciones por ordenador (in sillico) empleando software 
ampliamente conocido y utilizado en el campo de construcción y 
aeronáutica. Los estudios de dinámica de fluidos computacional 
permiten el análisis del flujo en arterias cerebrales con una precisión 
más que aceptable con la ventaja de no modificar los resultados ni el 
riesgo procedimental de pacientes en un entorno real. Los estudios 
radiológicos almacenados en PACS o directorios locales de hospitales 
son una fuente valorable para realizar este tipo de estudios. 
Esta serie se compone de tres estudios. En un entorno de esfuerzo 
computacional limitado, el presente trabajo fue optimizado para 
optimizarse en 3 problemas bien definidos y abordables por la 
metodología de dinámica de fluidos computacional. El objetivo del 
estudio 1 fue analizar el riesgo de ruptura de un aneurisma intracraneal 
distal después del tratamiento de un aneurisma proximal en casos de 
aneurismas intracraneales múltiples. El objetivo del estudio 2 fue 
determinar el riesgo de ruptura de aneurismas de arteria comunicante 
anterior en condiciones de asincronía y sincronía del flujo del segmento 
A1 de la arteria cerebral anterior. El objetivo del estudio 3 fue 
determinar el riesgo de resangrado después de la colocación de un 
drenaje ventricular externo a través de métodos de dinámica de fluidos 
computacional a partir de estudios de imagen de pacientes reales 
apareados con un grupo de control.  
Materiales y métodos 
Durante el período de enero de 2008 hasta diciembre de 2017, 652 
aneurismas intracraneales fueron diagnosticados en el Complejo 
Hospitalario Universitario de Vigo mediante angiografía por 
sustracción digital. En el estudio 1 se analizaron 24 pacientes con 
aneurismas intracraneales múltiples de un único árbol carotídeo. En el 
estudio 2 se analizaron 54 pacientes con aneurismas de arteria 
comunicante anterior, se excluyeron en este estudio pacientes con 
agenesias del segmento A1 de la arteria comunicante anterior y estudios 
subóptimos, los estudios de referencia en este estudio fueron la 
angiografía por resonancia magnética y angiografía por tomografía 
computarizada, la arteriografía al ser un estudio de lateralización 
selectiva fue descartada para este estudio. En el estudio 3 se 
consideraron 6 pacientes que sufrieron resangrado aneurismástico 
después de la colocación de un drenaje ventricular externo y 6 sujetos 
de apareamiento (pacientes con características clínicas y radiológicas 
similares que no sufrieron resangrado después de la colocación de un 
drenaje ventricular externo).  
El diseño de los estudios cumplió con los requisitos formales del Comité 
Ético de Investigación Clínica de Galicia siendo aprobado para su 
desarrollo con registro 2018/053. 
Para esta serie de estudios se empleó la técnica de dinámica de fluidos 
computacional e interacción fluido-estructura, a partir de 
segmentaciones de sólidos derivados de estudios radiológicos fuente 
constituidos por la angiografía por sustracción digital (InSpace 3D, 
Siemens Medical Solutions, Forchheim, Alemania), angiografía por 
resonancia magnética y angiografía por tomografía computarizada.  
Para la segmentación del aneurisma y sus arterias eferentes y aferentes 
se empleó el software Slicer 3D (Harvard Medical School, Boston, MA, 
USA) para MacOS, para el mallado de la segmentación se empleó el 




definición del sólido se empleó FreeCAD (Juergen Riegel, Werner 
Mayer, Yorik van Havre, OpenSource, http://freecadweb.org/), para la 
simulación de dinámica de fluidos computacional se empleó el software 
ANSYS Fluent en sus versiones 17.0 y 19.0 (ANSYS, ANSYS Inc., 
USA), la interacción fluido-estructura precisó el empleo del módulo 
Structural de ANSYS.  Las mallas constaron de una resolución de 
alrededor de 100.000 elementos tetrahédricos y adicionalmente se 
estableció una capa viscosa de 0.1D (D=diámetro) adyacente a las 
paredes de los vasos sanguíneos para capturar los efectos frontera. 
Los experimentos constaron de simulaciones transitorias, este tipo de 
simulación permite obtener análisis de momentos concretos del ciclo 
cardíaco a expensas de un coste computacional mayor comparado con 
estudios de estado estable. Se ha considerado a las paredes vasculares 
como estructuras rígidas en los estudios 1 y 2, y como estructuras 
elásticas en el estudio 3 de esta serie, ya que los cambios producidos 
por la introducción de un cambio de presión en las condiciones de 
contorno solo pueden ser capturados simulando paredes vasculares 
elásticas, en este aspecto el módulo elástico considerado fue de 5 MPa 
y la ratio de Poisson fue de 0.49, se consideró 0.4mm de grosor en la 
pared del aneurisma. En el estudio 3 se empleó el modelo de interacción 
fluido-estructura con simulaciones de dos vías, a partir del cual 
modificaciones geométricas condicionadas por el flujo sanguíneo son 
consideradas para siguientes iteraciones y las condiciones 
hemodinámicas son modificadas a partir de los mismos cambios 
geométricos hasta lograr la convergencia. 
El flujo sanguíneo fue simulado considerando las características de un 
fluido no-newtoniano, es decir que la viscosidad es variable 
dependiendo de la tasa de cizallamiento a la que es sometida, los 
modelos no-newtonianos requieren esfuerzos computaciones mayores 
comparados con los modelos newtonianos pero ofrecen mayor 
fiabilidad ya que la sangre es por definición un fluido no newtoniano. 
En nuestra serie de estudios se empleó el modelo de Carreau-Yasuda, 
previamente descrito y empleado en estudios de reología sanguínea que 
involucran la vasculatura sistémica y cerebral. 
Las condiciones de entrada correspondieron a una función sinusoidal 
con una velocidad pico de 0.5 m/s, una velocidad mínima de 0.1 m/s y 
una duración de 0.125 s en un periodo de 0.5 s en los tres estudios. Las 
condiciones de salida fueron determinadas como las correspondientes a 
la presión arterial media en las arterias cerebrales de primer orden (80 a 
100mmHg). Para el estudio de interacción fluido-estructura se empleó 
una carga de presión a toda la geometría del aneurisma y de sus arterias 
circundantes, exceptuando las regiones de las salidas y entradas. La 
carga consistió en 5223 Pa en condiciones de presión intracraneal 
elevada y de 133 Pa en condición de presión intracraneal baja 
(simulando la descompresión de la presión intracraneal por un drenaje 
ventricular externo). Las medidas de resultado incluyeron la tensión de 
cizallamiento parietal promediada por el tiempo, la tensión de 
cizallamiento parietal máxima en pico de sístole, la tensión de 
cizallamiento parietal mínima a mitad de la diástole, la presión total 
promediada por el tiempo, el desplazamiento de la pared, la tensión de 
Von Mises y las áreas de alto y bajo cizallamiento. 
Los estudios de geometría consideraron las mediciones de la altura del 
aneurisma, definido como la distancia máxima perpendicular entre el 
domo del aneurisma y el plano del cuello; la ratio de aspecto, definido 
como la relación entre la distancia máxima perpendicular y el diámetro 
medio del cuello del aneurisma. Otras variables como la distancia entre 
aneurismas se emplearon en el estudio 1 y otras como la angulación A1-
A1, A1/A2 e índices de simetría se emplearon en el estudio 2.  
Para el análisis estadístico se empleó el software SPSS versión 20 para 
MS Windows. El análisis inferencial se realizó a través de test no 
paramétricos para muestras dependientes en el caso de comparación pre 
y post tratamiento, y test para muestras independientes cuando se 
analizó aneurismas rotos y no rotos, el análisis multivariante se realizó 
con la técnica de regresión logística. Para el estudio 3, al tratarse de una 
muestra reducida, se empleó una metodología de apareamiento 
considerando controles con características similares de edad, género y 
localización del aneurisma. Se emplearon test no paramétricos para 




0.05. No se emplearon muestreos y se consideró a la población total en 
los grupos de estudio. 
Resultados 
El primer estudio se constituye de 24 casos de aneurismas intracraneales 
múltiples, se realizaron mediciones en el aneurisma distal antes y 
después del tratamiento de un aneurisma proximal. En 9 casos, dada la 
ausencia de estudios post-intervención se empleó la idealización del 
tratamiento del aneurisma en la fase de segmentación del aneurisma a 
través de la colocación de una intersección a nivel del cuello del 
aneurisma y de una regularización de la pared, el resultado fue validado 
por un neurocirujano o neurorradiólogo con experiencia. 
El tamaño medio de aneurismas rotos fue de 7.05 mm y en aneurismas 
no rotos de 5.23 mm (p=0.03, test de Mann Whitney). El ratio de 
aspecto medio en aneurismas rotos fue de 2.04 y de aneurismas no rotos 
fue 1.22 (p=0.02, test de Mann Whitney). La tensión de cizallamiento 
parietal en mitad de diástole tuvo una media de 0.081 Pa en aneurismas 
no rotos y de 0.009 en aneurismas rotos (p=0.04, test de Mann Whitney). 
La tensión de cizallamiento parietal máxima en sístole tuvo una media 
de 49.67 Pa en aneurismas no rotos y de 86.88 Pa en aneurismas rotos 
(p=0.04, test de Mann Whitney). 
El área de bajo cizallamiento pre-tratamiento tuvo una media de 54.15 
y el área de bajo cizallamiento post-tratamiento de 56.93 (p=0.02, test 
de Mann Whitney).  
La distancia interaneurismática media fue de 18.47 mm (rango de 6 a 
31 mm). La diferencia pre y post-tratamiento del área de bajo 
cizallamiento mostró una correlación positiva débil con respecto a la 
distancia interaneurismática (r=0.26, p=0.01, correlación de Pearson). 
El segundo estudio se constituye de 54 casos, se realizaron 
experimentos en condiciones de sincronía y asincronía (introduciendo 
0.2s de retraso en la inyección de flujo en el segmento A1 de la arteria 
cerebral anterior no dominante). 45 casos (83.3%) se presentaron con 
aneurismas rotos y 9 casos como aneurismas no rotos o incidentales 
(16.7%). 
La tensión de cizallamiento parietal promediada por el tiempo tuvo una 
media de 1.25 Pa en condiciones de asincronía y de 1.34 Pa en 
condiciones de sincronía (p=0.05, t de student para datos apareados), la 
presión media promediada por el tiempo tuvo una media de 13205 Pa 
en condiciones de asincronía y de 13495 Pa en condiciones de sincronía 
(p=0.004, t de student para datos apareados). La diferencia en el área de 
bajo cizallamiento tuvo un amplio rango de valores positivos a 
negativos (de -35.68 a 27.34), se agruparon los casos en área de bajo 
cizallamiento incrementada y área de bajo cizallamiento reducida en 
asincronía.  
En el análisis multivariante por regresión logística, la presencia de un 
índice de simetría mayor y un ángulo A1-A2 dominante menor se 
relacionaron con un incremento en el área de bajo cizallamiento, con el 
subsecuente incremento del riesgo teórico de ruptura aneurismática en 
esta localización de aneurismas (p=0.04 y 0.04 respectivamente, 
regresión logística). El efecto de la asincronía en la presión intra-
aneurismática promediada por el tiempo fue esencialmente negativa con 
una media de -289 Pa (rango de -4755.84 a 218.10 Pa).  
En el tercer estudio 12 casos fueron analizados, 6 casos de resangrado 
después de la colocación de un drenaje ventricular externo y 6 controles 
de características similares que no presentaron resangrado.  
El desplazamiento máximo de la pared en sístole tuvo una media de 
0.34 mm en aneurismas que presentaron resangrado y de 0.36 mm en 
casos que no presentaron resangrado (p=0.055, test de Mann Whitney). 
La diferencia de desplazamiento parietal en condiciones de presión 
intracraneal elevada y reducida (HICP-LICP) fue calculada, el valor 
calculado fue de 0.01 mm en aneurismas que presentaron resangrado y 
0.007 mm en aneurismas que no presentaron resangrado (p=0.05, test 
de Mann Whitney), esta diferencia es aún más significativa si solo se 
considera la zona de bajo cizallamiento (0.02 mm y 0.006 mm 
respectivamente) (p=0.01, test de Mann Whitney).  La zona de máximo 
desplazamiento en aneurismas que presentaron resangrado era 
coincidente con el área de bajo cizallamiento, y en aneurismas que no 





La tensión de Von Mises o estrés efectivo en condiciones de presión 
intracraneal elevada, tuvo una media de 4.77 MPa en aneurismas que 
presentaron resangrado y de 3.26 MPa en aneurismas que no 
presentaron resangrado (p=0.25, test de Mann Whitney). Bajo 
condiciones de presión intracraneal reducida, los aneurismas que 
presentaron resangrado presentaron una tensión media de 2.28 MPa y 
los aneurismas que no presentaron resangrado presentaron una tensión 
media de 1.42 MPa (p=0.33, test de Mann Whitney).  
Conclusiones 
Los cambios hemodinámicos en un aneurisma distal después del 
tratamiento de uno proximal determinan un perfil desfavorable 
incrementando el riesgo de sangrado o desestabilización del aneurisma 
distal en pacientes con aneurismas múltiples, estos hallazgos refuerzan 
el paradigma del tratamiento simultáneo, siempre que sea posible, de 
aneurismas intracraneales múltiples incluso si estos no están rotos. 
Se estableció que la asincronía del flujo de los segmentos A1 de la 
arteria cerebral anterior ocasionan cambios hemodinámicos 
significativos en aneurismas de arteria comunicante anterior con un 
incremento del riesgo teórico de ruptura en casos de ausencia de 
asimetría de A1 y ángulos A1/A2 disminuidos, la sincronía del flujo es 
una variable que debería ser incluida en estudios posteriores que 
involucren esta zona de la circulación cerebral. 
Se determinó que los cambios hemodinámicos después de la colocación 
de un drenaje ventricular externo incluyen un incremento del 
desplazamiento de la pared, que es más significativo a nivel de las áreas 
de bajo cizallamiento en aneurismas que presentaron resangrado. Esto 
sugiere que el resangrado se debe a una reapertura del aneurisma ya roto 
y no a una nueva ruptura del mismo aneurisma. Este riesgo es diferente 
del riesgo de sangrado de un aneurisma que nunca rompió y los 
resultados deben entenderse en ese contexto. 
Las principales limitaciones del estudio incluyen la asunción de la teoría 
del cizallamiento parietal como desencadenante de la ruptura 
aneurismática como cierta, si bien la discusión sobre el rol de esta 
variable aún permanece en discusión abierta. La ausencia de perfiles de 
velocidad personalizados para simular con mayor precisión el flujo 
sanguíneo cerebral, y los efectos del análisis radiológico en base a 
estudios cuando los aneurismas se encontraban ya rotos, al 
desconocerse la consecuencia geométrica del evento de ruptura. 




























Intracranial aneurysms are dilations of the arterial walls of the cerebral 
arteries, their most severe consequence is the aneurysmal rupture 
causing subarachnoid haemorrhage, an entity of high mortality and that 
is associated with important sequelae among survivors. The objective 
of this series of studies was to analyse the risk of rupture of multiple 
intracranial aneurysms, anterior communicating artery aneurysms and 
rebleeding after placement of an external ventricular drainage, using 
computational fluid dynamics methods from imaging studies of real 
patients. During the period from 2008 to 2017, 652 intracranial 
aneurysms were diagnosed in the University Hospital Complex of Vigo. 
Twenty-four patients with multiple intracranial aneurysms, 54 patients 
with anterior communicating artery aneurysms and 6 patients with their 
mating subjects who suffered bleeding after the placement of an 
external ventricular drainage were analysed. It was concluded that 
hemodynamic changes in a distal aneurysm after treatment of a 
proximal one determines an unfavourable profile, increasing the risk of 
bleeding or destabilization of the distal aneurysm in patients with 
multiple aneurysms; It was also established that the asynchrony of the 
flow of the A1 segments of the anterior cerebral artery causes 
significant hemodynamic changes in aneurysms of the anterior 
communicating artery with an increased theoretical risk of rupture in 
cases of absence of asymmetry of A1 and decreased A1/A2 angles; it 
was determined that hemodynamic changes after the placement of an 
external ventricular drainage include a significant increase in wall 


































Os aneurismas intracraniais son dilatacións das paredes arteriais das 
arterias cerebrais, a súa consecuencia máis severa constitúe a rotura 
aneurismática causando hemorraxia subaracnoidea, unha entidade de 
elevada mortalidade e que se asocia a secuelas importantes entre os 
sobreviventes. A finalidade desta serie de estudos foi analizar o risco 
de rotura de aneurismas intracraniais múltiples, aneurismas de arteria 
comunicante anterior e resangrado despois da colocación dun drenaxe 
ventricular externo a través de métodos de dinámica de fluidos 
computacional a partir de estudos de imaxe de pacientes reais. Durante 
o período de 2008 ata 2017, 652 aneurismas intracraniais foron 
diagnosticados no Complejo Hospitalario Universitario de Vigo. 
Analizáronse 24 pacientes con aneurismas intracraniais múltiples, 54 
pacientes con aneurismas de arteria comunicante anterior e 6 pacientes 
cos seus suxeitos de apareamento que resangraron despois da 
colocación dun drenaxe ventricular externo. Concluiuse que os cambios 
hemodinámicos nun aneurisma distal despois do tratamento dun 
proximal, determina un perfil desfavorable incrementando o risco de 
sangrado ou desestabilización do aneurisma distal en pacientes con 
aneurismas múltiples; tamén se estableceu que a asincronía do fluxo 
dos segmentos A1 da arteria cerebral anterior ocasionan cambios 
hemodinámicos significativos en aneurismas de arteria comunicante 
anterior cun incremento do risco teórico de rotura en casos de ausencia 
de asimetría de A1 e ángulos A1/A2 diminuidos;  determinouse que os 
cambios hemodinámicos despois da colocación dun drenaxe ventricular 
externo inclúen un incremento do desprazamento da parede máis 




























GLOSSARY OF ABBREVIATIONS 
A1: First segment of the anterior cerebral artery 
A2: Second segment of the anterior cerebral artery 
ACA: Anterior cerebral artery 
AcoA: Anterior communicating artery 
CFD: Computational fluid dynamics 
CT: Computed tomography 
CTA: CT angiography 
DSA: Digital subtraction angiography 
FSI: Fluid-structure interaction 
HiSA: High shear area 
ICA: Internal carotid artery 
ICH: Intracerebral hematoma 
LSA: Low shear area 
MCA: Middle cerebral artery 
MRA: MRI angiography 
MRI: Magnetic resonance imaging 
OR: Odds ratio 
QALY: Quality-adjusted life years 
SAH: Subarachnoid hemorrhage 
SD: Standard deviation 
SDH: Subdural hematoma 
TAWSS: Time-averaged Wall Shear Stress 
WFNS: World Federation of Neurosurgical Societies 
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Cerebral aneurysms are abnormal dilations of the arterial wall of 
cerebral blood vessels, about 90% of them are saccular and about 85% 
of them are located in the anterior circulation of the Willis circle.1 Its 
occurrence is more frequent in female with a ratio close to 3:2; 10 to 
30% of the patients have multiple aneurysms.2  
Cerebral aneurysms are most often found near the bifurcation points of 
intracranial vessels, where the presence of a high hemodynamic stress 
associated to an underlying structural abnormality, characterized by 
thinning or absence of tunica media and internal elastic lamina, leads 
to the formation of vascular dilations.3  
Aneurysms are a heterogeneous group of vascular lesions, however 
90% of them corresponds to the morphological group of saccular 
lesions, other types of aneurysms, such as fusiforms (sickle-shaped, 
affecting long segments of the arteries), traumatic, fungal (of infectious 
etiology), dissecants and microaneurysms represent the remaining 
10% of the intracranial aneurysms.4 
The highest prevalence of intracranial aneurysms is within the age 
range of 35 to 60 years, with a clear predominance of the female gender, 
although before the age of 40, the prevalence seems to be similar in 
both genders. The prevalence of unruptured intracranial aneurysms in 
the general population is estimated at around 2.8%, with some reports 
indicating that it could be as high as 8% in some populations.5 
The presence of intracranial aneurysms is associated with smoking and 
essential hypertension with an odds ratio (OR) of 3.0 and 2.9 
respectively; the simultaneous presence of both factors is synergistic, 
and is associated with an OR of 8.3 of occurrence of intracranial 
aneurysms. 6 




The main risk associated with intracranial aneurysms is their rupture. 
This causes intracranial hemorrhages, being the most frequent, 
subarachnoid hemorrhage (SAH), intracerebral hematomas (ICH) and 
subdural hematomas (SDH). 
Subarachnoid hemorrhage is defined as the extravasation of 
hemorrhagic content into the subarachnoid space, between the pia 
mater and arachnoid membranes. There are multiple causes, including 
trauma, rupture of vascular malformations, neoplastic, venous and 
idiopathic.7   
When there is a predominance of involvement of the subarachnoid 
spaces of the basal cisterns or the Silvian fissure and the clinical 
presentation is not associated with a recent significant trauma, the most 
frequent cause of subarachnoid hemorrhage is the spontaneous rupture 
of an intracranial aneurysm.7  
In this text, unless otherwise specified, the term subarachnoid 
hemorrhage will only refer to this nosological entity, defined as the 
hemorrhagic stroke secondary to the rupture of an intracranial 
aneurysm. 
 
1.1 RISK FACTORS FOR THE FORMATION OF 
INTRACRANIAL ANEURYSMS 
The evolutionary process of an intracranial aneurysm is dynamic. The 
study of formation of aneurysms de novo and aneurysms induced by 
hemodynamic stress in animals and in isolated human cases suggest 
that the formation of the intracranial aneurysm is an initial and well-
defined event.8 The formation of an intracranial aneurysm requires the 
presence of an intrinsic weakness of the vascular wall with a genetic 
or acquired substrate. More recently, prominent phenomena of 
inflammation, degeneration and tissue repair mediated by 






The prevalence of incidental aneurysms in first-degree relatives of 
patients diagnosed with intracranial aneurysms is higher than that 
reported in the general population, with an estimated prevalence of 4 
to 9%. These aneurysms tend to rupture at younger ages and with 
smaller sizes compared with the rest of the population.10-12  
Certain genetic and medical conditions have been directly associated 
with intracranial aneurysms in population studies; these include: 
Ehlers-Danlos syndrome, fibromuscular dysplasia, hereditary 
haemorrhagic telangiectasia, arteriovenous malformations, Klinefelter 
syndrome, Marfan disease, microcephalic osteodysplastic primordial 
dwarfism, neurofibromatosis, Noonan syndrome, pheochromocytoma, 
polycystic kidney disease, pseudoxanthoma elasticum, tuberous 
sclerosis, alpha-1 antitrypsin and alpha-glucosidase deficiency, among 
others. 4 
 
1.2 EPIDEMIOLOGY AND SOCIOECONOMIC ASPECTS OF 
SUBARACNOID HEMORRHAGE 
 
Subarachnoid hemorrhage (SAH) due to rupture of an intracranial 
aneurysm accounts for 5 to 10% of all stroke cases.13,14 The crude 
incidence of SAH is estimated in 9 cases per 100,000 person-years, but 
this is variable and depends on the geographical location, age and 
gender of the study population. 13,15 
In Europe, the crude incidence rate of SAH is estimated at 6.3 cases 
per 100,000 person-years in 2010; in a temporal trend analysis, a 
reduction in its incidence at a rate of 1.7% per year was identified.16 
The incidence in other geographical regions is significantly higher. In 
Finland, it reaches 16.6 cases per 100,000 person-years and in Japan, 
28 cases per 100,000 person-years. 16-18 
In epidemiological and treatment studies, the incidence is significantly 
higher in women, the overall specific incidence in the female gender is 
11.5 per 100,000 person-years and it is 9.3 per 100,000 person-years 
for the male gender. Studies including independent populations as a 
risk factor also show greater incidence of subarachnoid hemorrhage in 




female.16 The estimated female : male ratio is between 1.24 and 
1.74.13,19 
Half of the patients suffering from subarachnoid hemorrhage are under 
55 years old,15 and up to a third of them are under 50,20 most survivors 
of the haemorrhagic event will have some degree of residual cognitive 
impairment and long-term disability.15,21,22 This entity is associated 
with a loss of productive life years of equal magnitude to the ischemic 
stroke.15,23  
Subarachnoid hemorrhage is related to a loss of 11.1 years of life 
expectancy and 10.4 years of quality-adjusted life (QALY) compared 
to the general population. 24 Even in patients with a favourable 
functional outcome, some problems such as the sensation of loss of 
energy and certain emotional disorders such as anxiety and depression 
are frequent in the evolution of these patients. 25-27 
 
1.3 CLINICAL ASPECTS OF SUBARACNOID 
HEMORRHAGE 
The clinical presentation of intracranial aneurysms is very 
heterogeneous. The ISUIA study (International Study of Unruptured 
Intracranial Aneurysms),28 found that the diagnosis of an unruptured 
aneurysm was established under the following circumstances: in the 
evaluation of another intracranial aneurysm (30%), headache (23%) 
ischemic stroke or transient ischemic attack (10% each), cranial nerve 
palsy (8%), seizures (3%), and other less frequent. 
The most important complication of an intracranial aneurysm is 
subarachnoid haemorrhage. Most cases of aneurysm rupture occur 
spontaneously and without a clear trigger, although some factors such 
as defecation, intense exercise, sexual activity, or altered emotional 
states have been described as triggers of bleeding.9 
The most common clinical presentation of the rupture of an 
intracranial aneurysm is an extremely intense headache accompanied 





coma. In a 10 to 43% of patients, a previous episode of headache 
called “sentinel headache” has been described in the weeks or days 
previous to the haemorrhagic debut.29 
The most reliable and generalized diagnostic method in clinical 
practice is brain computed tomography (CT), which offers a 98-100% 
of sensitivity if performed in the first 12 hours, and 93% in the first 
24 hours, with a detriment of its performance over time.30  
In most of the centres, once the diagnosis is established by a simple 
CT scan, a CT angiography sequence is performed at the same time. 
The sensitivity to detect 7 mm or larger aneurysms is 95% with this 
technique, although it is reduced to 53% for aneurysms of 2 mm or 
less.31 For this reason, the definitive study for the diagnosis and 
therapeutic planning of an intracranial aneurysm is digital subtraction 
arteriography (DSA), given its excellent temporal and spatial 
resolution. 
One of the most potent predictors of the functional outcome of 
aneurysmal subarachnoid hemorrhage is the clinical severity of the 
disease, defined according to the initial neurological examination 
immediately after the acute event or in the emergency admission. In 
recent decades, clinical grading systems have been developed with the 
intention of predicting the neurological and vital prognosis of patients. 
Several scales have been described in the literature, from the historic 
Bortell scale published in 1956,32 continuing with one of the most 
used scales, the Hunt and Hess scale, described in 1986,33 to the 
World Federation of Neurosurgical Societies scale (WFNS), 
described in 1988,34 which has managed to homogenize the 
classification of the clinical presentation in many studies published as 
to date.  
Despite their wide use in clinical practice and medical research, the 
previously described scales are imprecise in statistical terms. The 
margins of each additional point on a given scale are not always 
related to worse prognoses. 




A study assessing the Hunt and Hess scale found statistically 
significant differences only between grades 2 and 3 and between 
grades 3 and 4 regarding the prognosis of the patients studied.35 
Another independent study showed that there is no significant 
difference between grades 0 through grade 2 of this same scale.36  
The WFNS scale, another ordinal (nonlinear) scale, has similar 
limitations, grades 2 to 3, and grades 3 to 4 have less defined 
prognostic limits.35  
It is likely that this over-fractionation error could be reduced if more 
differentiated segmentations are used, such as classifying them as 
high-grade (HH 4 and 5) and low-grade subarachnoid hemorrhage 
(HH 1-3). Despite these limitations, the clinical grading at the time of 
admission is considered the single most important prognostic factor 
in this disease. 37 
 
1.4 NATURAL HISTORY OF INTRACRANIAL ANEURYSMS 
Intracranial aneurysms are present in 3 to 8% of the general 
population.2,9,38 Despite this, most intracranial aneurysms will never 
rupture during the normal life span of an individual. 39,40 The main 
conditions or risk factors that have an effect on the natural history of 
an unruptured intracranial aneurysm include polycystic kidney 
disease, family history, modifiable risk factors such as smoking, 
alcohol consumption and high blood pressure.41,42 The OR of 
aneurysmal rupture in a smoking and hypertensive patient reaches up 
to 15, a value that almost doubles the OR of the occurrence of 
aneurysms in the presence of the same risk factors independently. 43  
Two large studies regarding the natural history of cerebral aneurysms 
support most current guidelines for the management of non-ruptured 
aneurysms. The ISUIA (The International Study of Unruptured 
Intracranial Aneurysms) is a prospective study conducted in 1692 
patients with aneurysms larger than 2 mm, including 1077 patients 
without previous haemorrhagic events. The two variables associated 





study were the location and size of the aneurysm; other less relevant 
factors were also identified in this study.28  
The second study was UCAS (Unruptured Cerebral Aneurysms), and 
it was conducted in Japan. In this study, which included patients with 
aneurysms larger than 3 mm, 5720 patients were included. In a similar 
way to the previous study, the size of the aneurysm, its shape, and its 
location were the variables directly associated with the risk of rupture 
of the intracranial aneurysm.44  
A more recent study, based on a systematic review and using a pooled 
analysis in 8382 patients from 6 prospective studies, proposed a 
practical scoring system called PHASES, with the intention of 
predicting the risk of rupture of an aneurysm at 5 years. The variables 
included in this study were population (assigning a higher risk to 
Finnish and Japanese individuals), arterial hypertension, age over 70 
years, aneurysm size greater than or equal to 20 mm, previous 
subarachnoid hemorrhage, and location of the aneurysm in a 
circulation other than the middle cerebral artery and internal carotid 
artery.45 
The management of intracranial aneurysms makes it necessary to 
compare the risks of the natural history of the disease in the absence 
of any intervention and the risks derived from surgical or 
endovascular procedures that are intended to reduce or eliminate the 
risk of bleeding from an aneurysm. 
In a certain group of patients, watchful waiting (with control of 
modifiable risk factors and monitoring by non-invasive imaging 
methods) would be the best option, for example, when dealing with 
patients older than 60 years with aneurysms smaller than 7 mm 
without family history or previous bleeding events.46 On the other 
hand, in patients younger than 60 years, with aneurysms greater than 
7 mm and with risky location or morphology, a personalized treatment 
plan should be considered, considering a surgical or endovascular 
intervention, according to the experience of the center, characteristics 
of the patient and aneurysm to be treated. 40   




There is no consensus regarding the modality, timing and duration of 
follow-up in patients with unruptured aneurysms. In most medical 
centres, non-invasive methods such as computed tomography 
angiography or magnetic resonance angiography are selected, 
reserving digital subtraction angiography for cases where a pre-
treatment reassessment is necessary.47-49  
A follow-up every 6 to 12 months initially and annual or bi-annual 
controls later may be a valid strategy in most cases. In young patients 
or patients with known risk factors, non-invasive follow-up may 
extend throughout the life of the individual. 4 
 
1.5 PATHOPHYSIOLOGY OF CEREBRAL ANEURYSMS 
The natural history of an intracranial aneurysm is generally divided 
into 3 phases, formation or genesis, growth or destabilization and 
rupture as the final event. 
The factors that mediate the formation, growth and rupture of 
intracranial aneurysms are not fully understood, there is an open 
discussion about the stages of the natural history of the disease and 
the different pathological phases of this entity. 
It is known through experimental studies in animals and analytical 
studies in humans that there are inflammatory and hemodynamic 
factors that govern this sequence of events. For example, specific 
studies have shown an increase in the degradation of the extracellular 
matrix mediated by matrix metalloproteinases (MMPs) and smooth 
muscle cell apoptosis, which progressively generate a weakness of the 
arterial wall, resulting in progressive growth and participating in the 
event of aneurysm rupture.50,51 
The interaction of hemodynamic and inflammatory phenomena is the 
object of study of mechanobiology, a relatively recent scientific field 
that explores the complex interactions between the flow and the 
molecular cascades responsible for maintaining vascular structures 





Table 1 shows the main mediating pathways and inflammatory 
molecules involved in the formation, growth and rupture of 
intracranial aneurysms. 
 
Table 1. Inflammatory and mediating pathways involved in the formation and 




IL-1β, NF-κB, Ets-1, MCP-1, Reactive oxygen species, Nitric 
oxide (NO), endothelial NO synthase, inducible NO synthase, 
Angiotensin II, Phosphodiesterase-4, Prostaglandin E2, E 
selectin, P selectin, vascular cell adhesion protein 1 
(VCAM1), intercellular adhesion molecule 1 (ICAM1) 
Phenotypic 
modulation 
and loss of 
SMCs 








MCP-1, NF-κB, Ets-1, MMPs, IL-1β, TNF-α, Normal T cell 
expressed and secreted, Monokine induced by γ-interferon, 





MMP and cathepsins, TNFα, IL-1β, IL-6, Toll-like receptor 4, 
Fas, NO, Complement, IgG, IgM, Basic fibroblast growth 
factor, transforming growth factor α and β, and vascular 
endothelial growth factor, Reactive oxygen species 
 
IL-1β indicates interleukin 1β; KLF-4, Kruppel-like transcription factor 4; MCP-
1, monocyte chemoattractant protein-1; MMP, matrix metalloproteinase; NF-
κB, nuclear factor-κ B; SMC, smooth muscle cell; and TNFα, tumor necrosis 
factor-α. 
(From Review of Cerebral Aneurysm Formation, Growth, and Rupture by Nohra 
Chalouhi et al. Free access license in Stroke) 
 
The formation of an intracranial aneurysm is directly related to the 
resistance of the arterial wall and the hemodynamic forces. The 
cerebral arterial wall is especially prone to hemodynamic stress due 
to the absence of an external elastic lamina, medial elastin, supporting 
adventitia and absence of dense perivascular tissues. On the other 
hand, the irregular distribution of its ramifications and vascular 




tortuosities secondary to atherosclerosis favour the development of 
aneurysms in these segments.52-55  
The existence of an acquired or inherited wall weakness lowers the 
threshold of the pathological response, triggering pathological events 
more easily, in a greater extent or in a shorter interval of time.2,37,56  
Animal studies have demonstrated the important role of 
hemodynamics in the pathophysiology of intracranial aneurysm 
formation.51 Arterial bifurcation sites are subjected to hemodynamic 
forces characterized by an increase in the wall shear stress (WSS, 
force per unit area produced induced by frictional stresses due to the 
blood viscosity and acting parallel to the artery wall) and a positive 
WSS gradient along the flow.57  
The endothelium exerts biological responses modifying its structure 
through cascades of biochemical signals that would be responsible for 
the formation of the aneurysm, the earliest signs of this phenomena 
would be the loss of the local internal elastic lamina, thinning of the 
tunica media and formation of “lumps”.58-60 Subsequent events 
involve remodeling, degradation and cell death.61 
Aneurysm growth is the result of an imbalance between eutrophic 
changes (cell proliferation and extracellular matrix production) and 
destructive changes (cell death and extracellular matrix degradation) 
in the aneurysm wall.  
Hemodynamic phenomena play an important role in this process, it is 
thought that aberrant hemodynamics through abnormal wall shear 
stress leads to destructive biological changes of the aneurysmal wall 
that overcome the eutrophic changes that maintain the integrity of the 
aneurysm, so that the aneurysm wall becomes weak and prone to 
rupture.3,62  
Intracranial aneurysm rupture has been associated with intense 
physical activity or high blood pressure states, such as emotional 
stress.63 However, most aneurysms suffer a rupture under conditions 
of routine activities for a normal individual, clearly demonstrating a 





physical effort could generate tensile forces that exceed the ultimate 
strength of the aneurysmal wall causing the rupture of the aneurysm.  
The gradient of the vascular wall is therefore an important factor in 
the phenomenon of rupture of the intracranial aneurysm.3,64  
Recently a unifying hypothesis was proposed. According to this 
hypothesis, some aberrant mechanobiological phenomena are 
directed by high wall shear stresses while other phenomena are driven 
by low wall shear stresses. This is an example of the complexity of 
the pathophysiology of intracranial aneurysms.  
The vascular responses mediated by the two stress conditions are 
summarized in Table 2.3 
 
Table 2. Vascular responses to aberrant wall shear stress reported in the 
literature 
Pathobiologic Responses 
to High WSS and Positive 
WSS Gradient 
Pathobiologic Responses to Low 
WSS and High OSI 
Endotelial cell damage Proinflammatory ECs that are 
“leaky” and “sticky” 
Endotelial cell turnover Increased reactive species of oxygen 
MMP production by mural 
cells 
Increased inflammatory cell 
infiltration 
ECM degradation MMP production by macrophages 
Medial thinning SMC proliferation and migration 
Mural cell apoptosis Thrombus formation 
(From: HighWSS or LowWSS? Complex Interactions of Hemodynamics with 
Intracranial Aneurysm Initiation, Growth, and Rupture: Toward a Unifying 












1.6 GEOMETRY OF CEREBRAL ANEURYSMS 
The geometry of the aneurysms refers to the static measurements of 
the dimensions of an aneurysm and its parts, its afferent artery, its 
efferent branches and the different angles and ratios that these 
components offer when they are related to each other. 
These measurements can be achieved through studies of digital 
subtraction angiography, considered the gold standard for the 
diagnosis of intracranial aneurysms,66 and also from by computed 
tomography angiography (CTA) or magnetic resonance angiography 
(MRA); these last two methods being accessible in most hospitals in 
developed countries. 
Regarding CTA, its acquisition is rapid in an urgent scenario, it has 
excellent sensitivity and its resolution is adequate to perform 
multiplanar and volumetric reconstructions of enough quality for the 
evaluation of the morphology of intracranial aneurysms in most of the 
cases.67 
Although the large prospective studies cited above analyse only the 
maximum dimension of the aneurysm as a geometric variable, other 
geometric aspects are also important. 
The geometric measurements of intracranial aneurysms can be done 
in a 2-dimensional and 3-dimensional fashion. The most commonly 
used ones are described below: 
- Size: It is defined as the maximum perpendicular distance 
between the aneurysm dome and the aneurysm neck plane. 68 
- Aspect Ratio (AR): Defined as the ratio between the 
maximum perpendicular height and the average diameter of 
the aneurysm neck. 69 A commonly used value for a threshold 
is 1.6, studies suggest that a value above this threshold is 
associated with a significantly higher risk of rupture. 70,71 
- Aneurysm-vessel size ratio (AVR): Defined as the ratio 
between the maximum height of the aneurysm and the average 





this variable as strongly associated with aneurysmal rupture. 
72-74 
- Bottleneck factor (BF): Defined as the ratio between the 
maximum aneurysm width and the aneurysm neck diameter. 
75 
- Undulation Index (UI): Defined as IO = 1- (V/Vch), where V 
is the volume of the aneurysm above the plane of the neck, and 
Vch is the volume of a convex shell on the same geometry. An 
aneurysm without concavities will have an IO of 0.68 
- Non sphericity index (NSI): Similar to the previous one, it 
uses the surface area of the aneurysm with respect to the 
aneurysm volume and its deviation from a perfect hemisphere 
is found, it is obtained as follows: INE = 1-(18π)1/3 V2/3/S, 
where S is the surface, and V corresponds to the total 
aneurysm volume. 68 
- Vessel angle (VA): Defined as the angle formed between the 
centerline of the vessel and the plane of the aneurysm neck. 76 
- Angle of inclination of the aneurysm (AIA): Defined as the 
angle formed between a line joining the centroid of the neck 
with the most distant point of the dome of the aneurysm and 
the line of the plane of the neck.72 
 
Table 3 summarizes the areas under the curve for rupture (ruptured/ 
unruptured) with respect to geometric variables of intracranial 









Table 3: Geometric variables and area under the curve in the evaluation of 
the rupture status of intracranial aneurysms 
 Dhar et al, 
200872 
Raghavan et al, 
200568 
Xiang et al, 
201177 
Size 0.58 0.60 0.62 
AR 0.70 0.72 0.63 
AVS 0.83 - - 
UI 0.75 0.80 0.72 
NSI 0.75 0.83 0.73 
VA 0.85 - - 
AIA 0.54 - - 
 
1.7 COMPUTATIONAL FLUID DYNAMICS IN CEREBRAL 
ANEURYSMS 
Every phenomenon in nature is transient by definition; it is variable 
in the course of time. Therefore, an aneurysm cannot be understood 
as a single geometric entity insensitive to changes over time.  
The blood flow that passes through a cerebral artery exerts mechanical 
forces and entails geometric changes in the arterial wall that 
unquestionably participate in the pathophysiology of cerebral 
aneurysms. 
During the last decades, the development of more advanced and 
higher resolution imaging techniques has been accompanied by 
hardware and software development in computer technology. The 
convergence of both disciplines has allowed studies where the 
paradigm of computational fluid dynamics (CFD), widely used in 
fluid mechanics, were applied. This allowed the transfer of the this 
discipline to the field of medical research through in silico studies,78 
with the additional advantage that no real patient is subjected to 
procedural risks, allowing the study of cerebral hemodynamics with a 








1.7.1 Source radiological studies 
The most frequently used techniques in clinical practice are CTA, 
MRA and DSA. This last one is considered the gold standard for 
diagnosis and management of intracranial aneurysms, given their 
great spatial and temporal resolution. 
CTA consists of an acquisition of computed tomography in which 
an iodinated contrast medium is used to increase the density of the 
content of the cerebral arteries in order to highlight them with respect 
to other tissues. This study has the advantage of being widely 
accessible in most healthcare centres and is performed quickly in an 
urgent environment, making it the ideal test in the initial evaluation 
of subarachnoid hemorrhage. Its spatial resolution ranges from 0.23 
mm to 0.7 mm depending on the acquisition machine.65 A common 
dataset includes between 400 and 1000 images allowing to perform 
three important post-processing techniques that were used in this 
study: multiplanar reconstruction (MPR), maximum intensity 
projection (MIP) and volume rendering.79 
MRA consists of a magnetic resonance acquisition in which 
gadolinium-based contrast media or speed discriminators (time-of-
flight) are used to highlight the cerebral arteries from the rest of the 
tissues. The spatial resolution of this test ranges between 0.6 mm and 
1.2 mm according to the technique and the acquisition machine.80 This 
acquisition also allows multi-plan reconstructions, maximum 
intensity projections and volume rendering. 
Digital subtraction arteriography has been used for decades for 
the diagnosis and treatment of intracranial aneurysms. It is 
undoubtedly the study with the highest spatial resolution, with a real 
resolution of 0.15 mm for 3D-DSA studies.81  
Post-processing is done in dedicated stations. In our center, we 
employ Inspace 3D software (InSpace 3D ™, Siemens Medical 
Solutions, Forchheim, Germany) for generating complex datasets of 
up to 400-1000 images. In this modality of study the computation time 
is considerably extended given the large spatial resolution of the data. 




1.7.2 Boundary conditions in computational fluid dynamics 
1.7.2.1 Temporal variation 
Computational fluid dynamics studies use mathematical 
models to simulate blood flow conditions. There are many 
mathematical models and formulas that can be assumed for 
experiments. The simulation can be adjusted with less or greater rigor 
to the biological reality depending on the assumptions that are 
established. 
First, the simulations can be transient or steady state. The 
transient simulations have the advantage of capturing the temporal 
variability, in our case, the pulsatility of the blood flow, and let us 
obtain results of any moment of the cardiac cycle; however, the 
computational cost is significantly greater as the mathematical model 
must be solved for each time step. 
By contrast, steady-state simulations require lower 
computational cost by providing similar results when compared to 
time-averaged results from transient simulations,82 becoming an 
efficient alternative when the objectives are consistent with this 
method. 
Transient simulations were always used in our studies, since 
the determination of maximum and minimum values in systole and 
diastole can only be obtained in this way. 
1.7.2.2 Fluid 
The blood flow can be simulated considering the conditions 
of the fluid as Newtonian or Non-Newtonian. Blood behaves like a 
non-Newtonian fluid, i.e. its viscosity changes depending on the shear 
rate to which it is subjected. Non-Newtonian models in simulations 
require more computational effort compared to Newtonian models. 
The power law model, Casson model and Carreau-Yasuda 





In our studies, the dynamic viscosity of the blood was 








where μ is the effective viscosity dependent on the shear rate ?̇?, 𝜇0 is 
the zero-shear viscosity (𝜇0 = 0.056 Pa·s), 𝜇∞ is the infinite shear 
viscosity (𝜇∞ = 0.0035 Pa·s), Γ is the time constant (Γ = 3,313 s) and 
n is the power law index (n = 0.3568). 
 
1.7.2.3 Wall features 
The wall of the artery under study can be simulated as a rigid 
or elastic material. In nature, the blood vessel walls are viscoelastic 
materials (i.e. energy transmitted into them is both stored and 
dissipated due to the elastic and viscous properties of arterial walls). 
Their composition based on collagen and elastin determine the grade 
of elasticity,84 and the main variability in vivo is granted by 
atherosclerosis, decreasing its effective elasticity.85  
Similar to previous observations, the addition of elastic 
characteristics to arterial walls in computational fluid dynamics 
simulations significantly increases the computational cost as the 
geometry and boundary conditions can change during the simulation, 
and a fluid-structure interaction (FSI) problem must be solved. 
However, according to some studies, the influence on the wall shear 
stress is insignificant.86 This is consistent with a decrease in the peak 
value and of the temporal and spatial averaging values of the wall 
shear stress.87  
If the objective of the study is only the analysis of the blood 
flow through a computational fluid module, rigid wall studies could 
be considered acceptable. However, studies incorporating the elastic 
properties of vessel walls can provide more information about the real 




wall shear stress and the degree of wall displacement,88 which are both 
important variables when assessing the phenomenon of rupture of an 
intracranial aneurysm. 
In our studies, on the analysis of multiple aneurysms and the 
asynchrony of A1 segment of the anterior communicating artery 
aneurysms, only the ANSYS Fluent software (V19.0, ANSYS Inc., 
USA) was used. We assumed the vessel walls as rigid structures, 
considering that the efficiency of this method does not affect the 
results obtained. This is considered in accordance with the objectives 
of the studies. 
On the other hand, in the study of decompression of 
intracranial hypertension, when a second space (intracranial space) 
comes into play, we consider important to perform a two-way fluid-
structure interaction simulation. In this case, the fluid simulation will 
produce structural changes in the arterial wall, which are consolidated 
in the structural (mechanical) simulation and moved into the next 
iteration to the fluid simulation, and producing changes in it. 
Assuming elastic arteries is fundamental in this approach. 
1.7.2.4 Inlet and outlet conditions 
Computational fluid dynamics studies must assume initial 
conditions in their simulation from which hemodynamic changes will 
occur and will generate the results. Pressure conditions at the inlets 
and outlets of arterial vessels are important because they significantly 
alter hemodynamic characteristics. 
For the inlet conditions, certain functions (sinusoidal, 
parabolic, Womersley, etc.) can be used to take into account the 
pulsatile nature of blood flow. We could use as inlet condition data 
obtained from the pulse of individual patients to simulate real 
conditions with a greater reliability. However, the authors who have 
compared both kind of approaches observed that the difference in 
results obtained when considering the velocity profile changes are less 
important as compared to changes in geometry. In the same way, in 





patients' pulse are absent, the use of common assumptions in the inlet 
velocity profile seems acceptable.89 
The outlet function of the blood vessels is mainly 
subordinated to the blood pressure in the vessel under study. In a 
normal individual, the average blood pressure is inversely 
proportional to the calibre and branching of the artery of study. In the 
cerebral arteries of the Willis circle (anterior cerebral artery, middle 
cerebral artery, anterior communicating artery, posterior cerebral 
artery) an average pressure of 80-100 mmHg is assumed as an outlet 
pressure; in the internal carotid artery the pressure is similar to the 
systemic arterial pressure measured in the brachial artery (100-120 
mmHg).90 In two of our studies an average pressure of 100 mmHg is 
assumed as outlet pressure in the cerebral arteries, while in the fluid-







2. RATIONALE AND OBJECTIVES 
 
Intracranial hemorrhage due to the rupture of a cerebral aneurysm is 
a frequent cause of mortality and morbidity worldwide. Studies of 
hemodynamics of cerebral arteries are unfeasible in a real 
environment and cannot be performed for ethical reasons; because of 
that, many research groups have turned their efforts to studies based 
on computational fluid dynamics during the last decade, using 
computer simulations based on radiological studies obtained from real 
patients. This methodology offers the advantage that it does not alter 
the clinical results of patients in their actual environment and allows 
patients to be evaluated both retrospectively and prospectively. 
Source radiological studies, usually remain stored in hospital 
computer databases (PACS), and are extremely valuable for 
conducting analytical and retrospective studies evaluating the 
geometry of aneurysms and any of their derivatives. It also allows the 
possibility of application in computational fluid dynamics and fluid-
structure interaction studies, and to collect many epidemiological and 
clinical data that otherwise could not be contrasted with the results of 
these computational techniques. 
In the period from January 2008 to December 2017, 652 intracranial 
aneurysms were diagnosed in the University Hospital Complex of 
Vigo by digital subtraction angiography. Other studies, such as CTA, 
MRA or DSA was present in almost all of them. 
Being a very extensive dataset, in a scenario of limited computational 
effort, the objectives of the present work were optimized in 3 aspects. 




- To determine the geometric and hemodynamic characteristics 
of multiple intracranial aneurysms undergoing treatment: by 
means of which a group of patients with multiple intracranial 
aneurysms of the same vascular tree were obtained from the 
database and computational fluid dynamics experiments were 
conducted. 
  
- To determine the hemodynamic effects of asynchrony of the 
A1 pulse on the risk of rupture of anterior communicating 
artery aneurysms: in this study, population was segmented by 
the presence of anterior communicating artery aneurysms and 
computational fluids dynamics experiments were performed. 
 
- To determine the geometric and hemodynamic effects of the 
decompression of intracranial hypertension by an external 
ventricular drainage in the rebleeding of cerebral aneurysms: 
patients who presented a rebleeding phenomenon were 
segmented and two experiments were conducted under 














3. SUBJECTS AND METHODS 
 
3.1 POPULATION AND SAMPLING 
In the period from January 2008 to December 2017, 652 cases of 
intracranial aneurysms were diagnosed through digital subtraction 
arteriography in the University Hospital Complex of Vigo. 
Of the total of patients, 106 patients (16.25%) had multiple 
intracranial aneurysms and 23 patients had multiple aneurysms of the 
same vascular tree meeting the inclusion criteria for the study 1. 
Sampling was not performed and all the patients were included.  
For the second phase of the study, 122 patients (18.71%) with 
aneurysms of the anterior communicating artery met the inclusion 
criteria for the study 2. Patients with agenesis of segment A1 of the 
anterior communicating artery and patients with suboptimal studies 
were excluded. The final study population were 54 patients. Sampling 
was not performed all the patients who met criteria were included. 
For the study of fluid-structure interaction, patients with radiological 
studies dated from the period between 2014 and 2017 were considered, 
since many radiological studies did not offer sufficient quality for 
analysis; In this period, 219 intracranial aneurysms were diagnosed, 6 
of these cases presented rebleeding after the placement of a EVD, 
meeting the inclusion criteria for the study 3. Sampling was not 
performed and the total number of patients who fulfilled these criteria 
was included. 




The design met all formal research ethics requirements and was 
approved by the Research Ethics Committee of Galicia with 
registration number 2018/053. 
 
3.2 COMPUTATIONAL FLUID DYNAMICS 
3.2.1 Geometry processing 
In the first study, full carotid trees, from their emergence from 
the cavernous sinus to their terminal branches immediately distal to 
the aneurysm of the most distal location, were selected. Source studies 
included digital subtraction arteriography, computed tomography 
angiography and magnetic resonance angiography. The used source 
radiological study varied according to the objective of the study and 
the quality of the source images. 
For the second study, the anterior communicating artery complex 
was established as geometry, consisting of the first segment of the 
anterior cerebral artery (A1) on both sides, and at least 3 mm of the 
second segment of the anterior cerebral artery (A2) of both sides of 
the cerebral circulation. The reference studies were computed 
tomography angiography and magnetic resonance angiography, 
excluding digital subtraction arteriography as it is a selective study 
that does not allow the single segmentation of two independent 
circulations, being necessary the use of registration techniques for that 
purpose complicating the methodological process and also the 
analysis of the results. 
For the third study, the aneurysm under study and at least 5 mm 
of its efferent artery and 5 mm of its arterial branches were selected. 
The reference study in this study was digital subtraction angiography. 
3.2.2 Mesh processing 
The segmentation and generation of an STL (stereolithography) 
file was carried out using the software Slicer 3D (Harvard Medical 
School, Boston, MA, USA) for MacOS.91 The surfaces were 
processed using the free access software Meshlab (Visual Computing 





Lab, Pisa, Italy) and FreeCAD (Juergen Riegel, Werner Mayer, Yorik 
van Havre, OpenSource, http://freecadweb.org/) in order to create 
meshes with a density of around 100,000 tetrahedral elements for a 
subsequent treatment at ANSYS software (ANSYS v19.0, ANSYS 
Inc., USA). In addition, a layer of 0.1D (D = diameter of the vascular 
lumen) was added adjacent to the vessel walls to capture the effects 
of the boundary layer. The segmentation and meshing steps from the 
source images are illustrated in Figures 1 and 2.  
 
 
Figure 1. Semiautomatic threshold segmentation in an InSpace3D 
Siemens study, this is a case of multiple aneurysms of the middle cerebral 
artery. 
In the third study, where the blood vessel walls are assumed to be 
an elastic solid, a solid model was used. The artery wall is assumed as 
a linearly elastic, isotropic, incompressible and homogeneous 
material, with a density of ρa=1000kg/m3. The elastic modulus and 
the Poisson ratio were assumed to have a value of E=5 MPa and 
υ=0.49 respectively. The thickness of the aneurysm wall was 
considered as t=0.4 mm. 92 





Figure 2. Meshing of a case of multiple aneurysms of the middle cerebral 
artery, GUI: ANSYS 17.0. Previously processing: Meshlab. 
3.2.3 Fluid 
The ANSYS Fluent 17.0 (first study) and 19.0 (second and third 
studies) software was used to solve the Navier-Stokes and mass 
conservation equations, under the assumption of laminar, 
incompressible and non-Newtonian flow. 
The governing equations are described below: 
𝜌(?⃗? · ∇?⃗? + ∇p − μ∆?⃗? = 0) 
∇ ∙ ?⃗? = 0 
     
The dynamic viscosity of the blood was modelled using the 
Carreau model, described above. 
3.2.4 Boundary conditions 
Transitional pulsatile simulations averaged over several cardiac 
cycles were performed. Regarding inlet conditions, a sinusoidal 
profile with a peak velocity of 0.5m/s and a minimum velocity of 
0.1m/s was simulated. The pulse duration was 0.125s, and the period 
of 0.5s. The outlet conditions were determined by pressures close to 





the mean arterial pressure in first-order cerebral arteries (80-
100mmHg). 
The ends of the arteries were held fixed in the space of the solid 
model through a non-displacement condition in the structural module. 
3.2.5 Fluid-structure interaction  
The following boundary conditions were applied to the fluid-
structure interaction interface. 
The displacements corresponding to the fluid and the solid 
domain must be compatible, and the mechanical actions are in 
equilibrium at the fluid/solid limits, and obey the condition of no 
displacement.93 
The ANSYS Workbench software was used to resolve the two-
way coupling between the fluid and solid domains. The forces 
information was first calculated in the Fluent software, and then 
transferred to the Transient Structural module of ANSYS to determine 
the mesh displacement information. The mesh displacement 
information was then transferred back to the Fluent module for the 
next iteration. When all the iterations converged, the results were 
analysed and displayed in the ANSYS Results module. 
3.2.6 Experiments 
In the first study, two scenarios based on arterial segmentations 
were considered, before and after embolization/clipping of the 
proximal aneurysm. In 15 cases, it was necessary to perform an 
idealization of the treatment as there were no post-treatment 
radiological studies. 
The idealization was carried out in the segmentation phase, using 
the software Slicer 3D, placing an intersection through the major 
diameter of the aneurysm neck and then smoothing the edges 
manually. The results of the idealized segmentation were validated by 
an experienced neurosurgeon or neuroradiologist. 




In the second study, the experiment consisted in the application 
of two profiles in each case, a first profile introducing a delay of 0.2s 
in blood injection in A1 segment of the non-dominant anterior 
cerebral artery (asynchronous condition) and a second profile in 
which there was a simultaneous injection of both A1 segments 
(synchronous condition) of the anterior cerebral artery. 
The third study consisted of full course simulations in two 
conditions from the same solid. In the first condition (intracranial 
hypertension) an external pressure of 5223 Pa (equivalent to 
40mmHg) was applied to the entire geometry excluding inlets and 
outlets. For the second condition (low intracranial pressure) an 
external pressure of 133 Pa (1 mmHg) was applied. The velocity 
profile of the inlets, the outlets, the thickness of the arterial wall and 
the characteristics of the fluid were the same in both experiments. 
 
3.3 OUTCOME VARIABLES 
3.3.1 Wall shear stress 
Wall shear stress (WSS) is a dynamic frictional force induced by 
viscous fluid moving through the surface of a solid material. 94 It has 
been described in several studies as a variable related to trophic 
changes in the wall of an aneurysm. The aneurysm dome region, the 
most common site of aneurysm rupture contains areas of low WSS. 
This hemodynamic condition is related to mechanobiological 
phenomena of the endothelium, favouring the degradation of the 
extracellular matrix, cell death and other inflammatory phenomena 
leading to destructive remodelling. 3 
Despite being widely described and related to aneurysmal rupture, 
WSS is a vector quantity with a very complicated spatial and temporal 
variation difficult to categorize. For example, there is no single WSS 
for a given aneurysm, but it varies according to along the cardiac cycle 
at each specific point in the aneurysm geometry, making it difficult to 





homogenize the variable in operational results when trying to 
compare various studies or methodologies. 
Studies that have performed steady-state simulations are 
comparable to that using temporal-averaging of the WSS (TAWSS),82 
this variable could be used as a general approximation of WSS 
behaviour in a given aneurysm,95 with the advantage of lower 
computational effort. 
In later studies, some authors have suggested a derived 
percentage variable that best defines hemodynamic behaviour, the 
low shear area (LSA), defined as the percentage area of the aneurysm 
with a WSS less than or equal to 10% of the WSS measured in the 
efferent artery in a time-averaged fashion.96,97 This way, WSS would 
not be affected by the size of the aneurysm or by the duration of the 
cardiac cycle. 
Figure 3 illustrates a case of the study 1 in which parietal stigmas 
and its congruence with low shear areas over the aneurysm dome are 
shown. 
 
Figure 3. Multiple aneurysms of the middle cerebral artery (unruptured). 
Left: intraoperative image that shows wall trophic changes in areas of the 
aneurysm dome. Right: Contours of wall shear stress areas that show some 
congruence with the intraoperative image. 




The role of WSS in the formation and development of aneurysms 
is complex, since it interacts in different ways at different times in the 
pathophysiology of aneurysms. 
A clear example of this is that geometric and hemodynamic 
changes are mutually causal, the geometry determines the flow 
conditions, and the flow changes produces mechanobiological 
phenomena through inflammatory cascades, which trigger a 
remodelling of the aneurysm geometry.3 This cycle can become 
stabilized when hemodynamic conditions are favourable for the blood 
vessel wall, however, any deviation from these parameters can 
conduct a destructive cycle that leads to the formation, growth and 
rupture of aneurysms. 
The initial process of aneurysm formation also seems to be 
governed by hemodynamic phenomena. Acceleration adjacent to 
arterial bifurcation points produces an environment with high WSS, 
mechanotransduction phenomena would be related to a biological 
cascade of aneurysm initiation.98-101 This cascade would be favoured 
by an intrinsic or acquired weakness in the arterial wall (for example 
in smokers) or by altered hemodynamic conditions such as in essential 
arterial hypertension.37,102 
3.3.2 Effective stress and wall displacement 
The mechanical properties of cerebral aneurysms were reported 
by Seshaiyer et al.103 Considering the characteristics of the cerebral 
aneurysm walls confers additional information to hemodynamic 
phenomena, for this, fluid-structure interaction studies must be used. 
Comprehensive descriptions were made by Valencia et al.88 
In works dealing with these characteristics, the most studied outcome 
variables are the displacement of the wall (measured in millimetres). 
This parameter allows the evaluation of the maximum and minimum 
values, and for different aneurysm locations, such as the neck and 
dome in a spatial segmentation.  
Another important variable consists of the Von-Mises stress, 
a physical magnitude proportional to the distortion energy, and which 





together with the maximum allowable tension of a material is used to 
predict its mechanical failure, in the case of aneurysms, the rupture. 
104 This parameter is often used in order to determine whether a 
material will yield when subjected to a complex loading situation. 
3.3.3 Statistics 
All output variables from case-by-case simulations were 
registered for statistical analysis. For these analyses, SPSS software 
version 20 for MS Windows was used. The inferential analysis was 
made from nonparametric tests for dependent samples when 
comparing among pre and post treatment results, and tests for 
independent samples when considering ruptured and unruptured 
aneurysms.  
For the study 3, given the small sample, the study used a 
matching method considering controls with similar characteristics of 
age, gender and location. We used non-parametric statistical tests to 




















4. PUBLISHED ARTICLES 
 
 
The published articles are accessible through the following links: 
4.1 HEMODYNAMIC CHANGES IN THE TREATMENT OF 
MULTIPLE INTRACRANIAL ANEURYSMS: A 





4.2 A1 ASYNCHRONY, A POTENTIAL RISK FACTOR FOR 
THE RUPTURE OF ANTERIOR COMMUNICATING ARTERY 





4.3 EFFECTS OF EXTERNAL VENTRICULAR DRAINAGE 
DECOMPRESSION OF INTRACRANIAL HYPERTENSION 
ON REBLEEDING OF BRAIN ANEURYSMS: A FLUID 











5.1 RISK OF RUPTURE OF MULTIPLE INTRACRANIAL 
ANEURYSMS AFTER TREATMENT OF A PROXIMAL 
ANEURYSM 
Twenty-four cases were included in the analysis, of these, 20 patients 
were female (83.33%) and 4 cases were male (16.67%). The average 
age at diagnosis was 54 years (31 to 75 years). Of the 12 cases of 
ruptured aneurysms, 10 presented rupture of the proximal aneurysm 
(83.3%) and two cases presented rupture of the distal aneurysm 
(16.7%).  
All cases of aneurysmal rupture required early treatment of the 
ruptured aneurysm by endovascular or surgical methods. 
Of the patients with ruptured proximal intracranial aneurysms, 9 cases 
(90%) received treatment of the distal aneurysm, 4 in the first 
procedure and 5 cases in a deferred procedure. In one case, clinical-
radiological follow-up was chosen due to treatment rejection. 
In unruptured aneurysms, 7 cases were treated and 5 cases remain 
under surveillance, to date no bleeding was reported in this group of 










Table 4. Baseline characteristics of the study population 
Variable Value Percentage  
Gender (n=24)   
Male 4 16.67% 
Female 20 83.33% 
Rupture status (n=24)   
Subarachnoid hemorrhage cases 12 50% 
Incidental cases 12 50% 
Vascular tree(n=24)   
Left carotid tree 18 75% 
Right carotid tree 6 25% 
Subarachnoid hemorrhage cases (n=12)   
Proximal aneurysm rupture 10 83.33% 
Distal aneurysm rupture 2 16.67% 
SAH cases – first treatment (n=12)   
Endovascular treatment 8 66.67% 
Surgery 4 33.33% 
SAH cases – distal aneurysm treatment (n=9) *   
Simultaneous treatment 4 44.44% 
Deferred treatment 5 55.56% 
Incidental cases (n=12)   
Endovascular treatment 5 41.67% 
Surgery 2 16.66% 
Follow-up 5 41.67% 
Incidental cases – distal an. treatment (n=7)   
Simultaneous treatment 5 71.43% 
Staged treatment or single aneurysm treatment 2 28.57% 
Interaneurysmal distance (media, DS) 19.35, 8.61  
Size in millimetres (media, DS)   
Ruptured aneurysms (n=12) 7.05, 5.56  
Unruptured aneurysms (n=36) 5.32, 1.95  
Proximal aneurysm (n=24) 6.14, 2.12  







5.1.1 Geometric and hemodynamic analysis of ruptured and 
unruptured aneurysms 
Ruptured aneurysms had an average size of 7.05 mm 
(SD=5.56mm) and unruptured aneurysms had an average size of 5.23 
mm (SD=1.95), (p=0.035, Mann Whitney test), the area in the same 
groups were 296 mm2 (SD=58mm2) in broken aneurysms and 61.23 
mm2 (SD=52.89) in unruptured aneurysms, (p=0.02, Mann Whitney 
test). 
The aspect ratio in unruptured aneurysms had a mean of 1.22 
(SD=0.36), and in ruptured aneurysms the mean was 2.04 (SD=0.89), 
(p=0.001, Mann Whitney test). 
The hemodynamic parameters analysed were the minimum mid-
diastole WSS, with values of 0.081 Pa (SD=0.21) in unruptured 
aneurysms, and 0.009 Pa (SD=0.0001) in ruptured aneurysms, 
(p=0.034, Mann Whitney test). 
In systole, maximum peak-systole WSS was considered, the 
mean value was 49.67 Pa (SD=48.84) in unruptured aneurysms, and 
86.88 Pa (SD=29.97) in ruptured aneurysms, (p=0.04, Mann Whitney 
test). 
Low shear area (LSA) was 54.67% (SD=29.67) in unruptured 
aneurysms and 81.81% (SD=16.20) in ruptured aneurysms, (p=0.296, 
Mann Whitney test). The high shear area (HiSA) was 12.87 
(SD=14.58) in unruptured aneurysms and 6.54 (SD=7.91) in ruptured 
aneurysms, (p=0.51, Mann Whitney test). 
The hemodynamic variables including the low shear area, the high 
shear area, the minimum mid-diastole WSS, the maximum peak-
systole WSS and the maximum pressure in systole are summarized in 








Table 5. Hemodynamic measurements in ruptured and unruptured aneurysms 
 Unruptured 
aneurysms 




(mean %, SD) n= 
12 
p-value 
LSA 54.67, 29.67 81.81, 16.20 0.296 
HiSA 12.87, 14.58 6.54, 7.91 0.51 
 Unruptured 
aneurysms 




Pa, SD) n= 12 
p-value 
Min mid-diastole WSS  0.081, 0.21 0.009, 0.0001 0.034 
Max peak-systole WSS 49.67, 48.84 86.66, 29.97 0.04 
Max pressure in systole 15019.47, 
1627.71 
15162.30, 900.50 0.57 
 
The mean interaneurysmal distance was 18.47 mm (range 6 to 31 
mm). Additional measurements were made in the distal aneurysm after 
the treatment of the proximal aneurysm (see Methods). 
The pre-treatment minimum mid-diastole WSS had a mean of 0.07 
Pa (SD=0.20) and post-treatment of 0.05 Pa (SD=0.11), (p=0.275, 
Mann Whitney test). The pre-treatment low shear area had a mean of 
54.15% (SD=29.19) and post-treatment of 56.39% (SD=28.23), 
(p=0.02, Mann Whitney test).  
Other variables are summarized in Table 6. An illustrative case is 







Figure 4. Wall shear stress map in an unruptured middle cerebral artery 
aneurysm emphasizing the LSA (<0.6 Pa), coexistence of an internal carotid 
artery aneurysm (not shown). Left: before the treatment of the proximal 
aneurysm, the LSA is 22.49%. Right: After treatment of the proximal aneurysm, 
the LSA of the distal aneurysm increased to 38.45%. 
 
Table 6. Hemodynamic effects on the distal aneurysm after treatment of the 
proximal aneurysm 
 Pre-treatment 
(mean %, SD) n= 
24 
Post-treatment 
(mean %, SD) n= 24 
p-value   
LSA 54.15, 29.19 56.93, 28.23 0.02 
HiSA 11.71, 13.49 12.34, 14.15 0.54 
 Pre-treatment 
(mean Pa, SD) n= 
24 
Post-treatment 
(mean Pa, SD) n= 24 
p-value   
Min mid-diastole WSS  0.07, 0.20 0.05, 0.11 0.275 
Max peak-systole WSS 52.75, 48.63 61.55, 48.78 0.073 
Max pressure in systole 14640, 1580 15031, 1567 0.03  
 
The interaneurysmal distance influences the magnitude of 
hemodynamic changes in the LSA. A weak positive correlation exists 
between the interaneurysmal distance and the post-treatment 




difference of the LSA (r=0.26, p=0.01, Pearson correlation). This 
effect is illustrated in Figure 5. Figure 6 shows the linear regression 




Figure 5. Wall shear stress map in a ruptured aneurysm of internal carotid 
artery with a second aneurysm at 6 mm in proximal location, the LSA is 
represented in pink. Left: Before the treatment of the proximal aneurysm LSA 










Figure 6. Scatterplot showing the difference in LSA (post-treatment less pre-
treatment) and the interaneurysmal distance measured in millimetres. 
 
5.2 EFFECTS OF THE ASYNCHRONY OF A1 ARTERY IN 
THE HEMODYNAMICS OF ANTERIOR COMMUNICATING 
ARTERY ANEURYSMS  
In this study 54 cases were analysed, 31 of them (57.4%) 
corresponded to the male gender and 23 cases (42.7%) to the female 
gender. The mean age of diagnosis was 56 years (SD=14.09). Of these 
cases, 45 presented as ruptured aneurysms with subarachnoid 
hemorrhage (83.3%) and 9 cases as unruptured or incidental 
aneurysms (16.7%). 
Considering only the cases of subarachnoid hemorrhage (n=45), the 
distribution of Fisher's radiological grades was: grade 2 in 10 cases 




(22.22%), grade 3 in 16 cases (35.56%), and grade 4 in 19 cases 
(42.22 %). 
In cases of subarachnoid hemorrhage the clinical severity on the WFNS 
scale was: grade 1 in 22 cases (48.89%), grade 2 in 9 cases (20%), grade 
3 in one case (2.22%), grade 4 in 7 cases (15.56%) and grade 5 in 6 
cases (13.33%). The characteristics are summarized in table 7. 
Table 7. Baseline characteristics of the population in the analysis of anterior 
communicating artery aneurysms 
Variable Value  Percentage 
Gender (n=54)   
Male  31 57.4% 
Female 23 42.7% 
Rupture status (n=54)   
Subarachnoid hemorrhage cases 45 83.3% 
Incidental cases 9 16.7% 
SAH cases treatment (n=45) *   
Endovascular  33 61.1% 
Surgery 10 18.52 
A1 dominance (n=54)   
Left dominance 33 61.11% 
Right dominance 21 38.89% 
Aneurysm axis lateralization   
Left lateralization 14 25.93% 
Right lateralization 40 74.07% 
* 2 cases were not treated due to severe hemorrhage with clinical signs of brain 
stem dysfunction 
5.2.1 Geometric and hemodynamic characteristics 
Aneurysm measurements were performed including: size, neck 
dimensions and aspect ratio. A measurement of the diameter of both A1 
and A2 arteries, right and left A1/A2 angles, lateralization of the 
aneurysm and A1-A1 angle were also performed. The geometric 







Table 8. Geometric characteristics of arteries and aneurysms of the anterior 
communicating complex included in the study 
Variable Minimum Maximum Mean SD 
Aneurysm Height 
(mm) 
2.60 14.30 6.54 3.01 
Aneurysm Neck 
(mm) 
1.46 7.94 3.53 1.23 
Aspect Ratio 0.63 3.87 1.90 0.68 
Left A1 diameter 
(mm) 
0.9 2.9 1.76 0.47 
Right A1 diameter 
(mm) 
0.9 2.8 1.57 0.49 
Left A2 diameter 
(mm) 
0.8 2.4 1.58 0.34 
Right A2 diameter 
(mm) 
0.8 2.5 1.52 0.38 
Left A1-A2 angle 
(mm) 
18.90 159.60 86.98 34.37 
Right A1-A2 angle 
(mm) 
2.3 160.60 78.25 37.47 
A1-A1 angle 
(degrees) 
56.50 176.80 136.12 27.37 
Symmetry index 0.39 0.94 0.67 0.15 
 
Time-averaged wall shear stress (TAWSS) had a mean of 1.25 Pa 
in asynchronous conditions and 1.34 Pa in synchronous conditions 
(p=0.05, paired sample t-test), the time-averaged mean pressure had an 
average of 13205 Pa and 13495 Pa in conditions of asynchrony and 
synchrony respectively (p=0.004, paired sample t-test). 
The difference produced in LSA in conditions of synchrony and 
asynchrony resulted in a wide difference of positive and negative values 
(from -35.68 to 27.34). For this reason, we categorized the population 
into two groups, LSA increased in asynchrony and LSA decreased in 
asynchrony. Table 9 shows the effect of different variables with respect 
to this phenomenon in a univariate analysis. In this analysis, only the 
symmetry index and the dominant A1/A2 angle were related to LSA 
changes. 
 




Table 9. Univariate analysis of the low shear area in relation to the geometric 
characteristics of the anterior communicating complex 






Mean aneurysm height (mm) 5.99 6.72 0.99 
Mean aneurysm neck (mm) 3.57 3.43 0.55 
Mean Aspect ratio 1.72 2.01 0.28 
Mean A1-A1 angle (degrees) 139.49 137.48 0.70 
Dominant side A1-A2 angle 
(degrees) 
63.12 91.14 0.04 
Mean symmetry index  0.72 0.62 0.04 
 
Two representative cases are presented in Figures 7 and 8 
regarding the effects of A1/A2 angle and the symmetry index on the 







Figure 7. Low shear area (white) in anterior communicating aneurysms in 
synchrony and asynchrony conditions. Upper row: left figure shows a right A1 
hypoplasia with a symmetry index of 0.39 in synchrony conditions, right figure 
shows the same in asynchrony conditions; LSA decreased from 50.93 to 26.40 
considering asynchrony condition. Lower row: left figure shows a right dominant 
A1 segment, symmetry index is 0.9, right figure shows the same aneurysm in 










Figure 8. Low shear area (white) in anterior communicating aneurysms in 
synchrony and asynchrony conditions. Upper row: left figure shows a dominant 
A1/A2 angle of 88.62 degrees in synchronic conditions, right figure shows the 
same aneurysm in asynchrony conditions; LSA decreased from 31.64 to 26.06. 
Lower row: left figure shows a dominant A1/A2 angle of 46.45 degrees in 
synchronic conditions, right figure shows the same aneurysm in asynchrony; LSA 
increased from 27.69 to 36.95. 
 
The effects of asynchrony on intra-aneurysmal pressure was mainly 







5.3 GEOMETRIC AND HEMODYNAMIC EFFECTS OF 
INTRACRANIAL PRESSURE REDUCTION BY EXTERNAL 
VENTRICULAR DRAINAGE IN THE REBLEEDING 
PHENOMENON 
A fluid-structure interaction method was used for this study. Geometric 
variables such as height, neck, aspect ratio and clinical characteristics 
are summarized in Table 10. 
 








































5.3.1 Wall displacement 
There is a positive aneurysmal wall displacement during the 
systolic phase of the cardiac cycle. Two conditions were simulated, 
with high intracranial pressure and low intracranial pressure. In cases 
of intracranial hypertension, the maximum displacement of wall in 
systole in aneurysms that presented rebleeding was 0.34 mm (SD=0.28), 
and in aneurysms that did not rebleed 0.36mm (SD=0.29), (p=0.055, 
Mann Whitney test). 
The difference in displacement before and after the placement of 
an external ventricular drainage (HICP-LICP) was calculated, this 
value had a mean of 0.01567 mm (SD=0.007) in aneurysms that 
presented rebleeding and 0.00683 mm (SD=0.005) in aneurysms that 
did not show rebleeding (p=0.05, Mann Whitney test). 
The rupture site usually coincides with the low shear area. Wall 
displacement measurements were performed exclusively in this low 
shear area. The differential magnitude of measurements in high and low 




intracranial pressure was 0.026 mm (SD=0.005) in aneurysms that 
presented rebleeding and 0.0065 mm (SD=0.002) in aneurysms that did 
not show rebleeding after the placement of an external ventricular 
drainage (p=0.01, Mann Whitney test). Two representative cases 
regarding this interaction are presented in Figures 9 and 10 
 
 
Figure 9.  Wall Displacement and WSS relations in a rebleeding aneurysm case. 
Upper left: Wall displacement contours before the placement of the EVD. Upper 
right: Wall displacement contours after the placement of EVD. Lower left: Mid-
diastolic WSS showing areas of low stress in two regions of the dome. Lower right: 
Displacement differences after EVD placement, note congruence with LSA region 







Figure 10.  Wall Displacement and WSS relations in an aneurysm with no 
rebleeding after EVD. Upper left: Wall displacement contours before the 
placement of the EVD. Upper right: Wall displacement contours after the 
placement of EVD. Lower left: Mid-diastolic WSS showing areas of low stress in 
one region of the dome. Lower right: Displacement differences after EVD 
placement, note incongruence with LSA region, more displacement was 
measured in an area distant from LSA. 
5.3.2. Von Mises stress 
The distribution of Von Mises stress, or effective stress, had a 
mean of 4.77 MPa (SD=2.67) in aneurysms that rebleed and 3.26 MPa 
(SD=1.37) in aneurysms that did not rebleed (p=0.25, Mann Whitney 
test). Under conditions of low intracranial pressure, aneurysms that 
rebleed had a mean of 2.28 MPa and aneurysms that did not rebleed 
had a mean of 1.42 MPa, (p=0.33, Mann Whitney test). 
5.2.3 Wall shear stress 
Time-averaged wall shear stress under conditions of elevated 
intracranial pressure had an average of 1.177 Pa in aneurysms that 
presented rebleeding and 1.2192 Pa in aneurysms that did not show 
rebleeding (p=0.75, Mann Whitney test). Under conditions of low 
intracranial pressure, the average of this variable was 1.17775 Pa in 
aneurysms that presented rebleeding and 1.2125 Pa in aneurysms that 
did not show rebleeding (p=0.75, Mann Whitney test). 




A summary of all geometric and hemodynamic variables is presented 
in table 11. 
 
Table 11. Geometric and hemodynamic changes before and after the placement 
of an external ventricular drainage, grouped by the state of rebleeding 
 Rebleeding No rebleeding 
TAWSS, HICP, Pa (SD) 1.1767 (0.30) 1.2192 (0.34) 
TAWSS, LICP, Pa (SD) 1.1775 (0.30) 1.2125 (0.34) 
Displacement, HICP, 
mm (SD) 
0.34 (0.28) 0.26 (0.10) 
Displacement, LICP, 
mm (SD) 
0.36 (0.29) 0.27 (0.10) 
Von Mises HICP MPa 
(SD) 
4.77 (2.67) 3.26 (1.37) 
Von Mises LICP MPa (SD) 
 



















6.1 MULTIPLE INTRACRANIAL ANEURYSMS: 
HEMODYNAMIC EFFECT OF THE TREATMENT OF 
PROXIMAL INTRACRANIAL ANEURYSMS. 
Multiple intracranial aneurysms are present in 15 to 35% of cases of 
subarachnoid hemorrhage.105 Its presence is independently associated 
with higher mortality, rebleeding and occurrence of early 
rebleeding.106 Additionally, the Korean Clinical Practice Guidelines 
for Aneurysmal Subarachnoid Hemorrhage recommends the 
treatment of multiple intracranial aneurysms whenever feasible as it 
reduces the risk of selection error.107 
Few studies have evaluated the hemodynamics of multiple 
intracranial aneurysms.108-110 Furthermore, we did not find previous 
studies that describe the hemodynamic behaviour before and after the 
treatment of multiple aneurysms. Castro et al,111 highlighted the 
importance of afferent artery segmentation in studies of 
computational fluid dynamics. Therefore, it is expected that 
hemodynamic changes could be produced by the embolization of a 
single proximal aneurysm. 
In our study, as in previous studies, the aspect ratio and aneurysm size 
was significantly higher in ruptured aneurysms.112 Hemodynamic 
analysis showed profiles of a larger low shear area, maximum peak-
systole WSS, and minimum mid-diastole WSS in ruptured aneurysms. 
In this study, nine post-treatment cases and fifteen idealized cases of 
proximal aneurysm treatment were analysed. After treatment of the 
proximal aneurysm, the distal aneurysm showed a hemodynamic 
profile of increased bleeding risk if the theory of low wall shear stress 
is considered valid as predisposing to the aneurysmal rupture event. 




After the treatment of the proximal aneurysm the low shear area and 
the maximum peak-systole WSS are significantly higher. The impact 
of this association is illustrated in Figure 4. 
The low shear area is directly proportional to the inter-aneurysmal 
distance. This relationship is opposite in patients with distances 
inferior to 10 mm between both aneurysms, in which the LSA 
decreases. This phenomenon is shown in Figure 5. The proximity 
between aneurysms in this scenario could improve the trophic 
conditions of the wall by reducing damage and remodelling of the 
arterial wall mediated by the WSS.8 
Although the hemodynamic conditions of a distal aneurysm appear to 
become favourable if the interaneurysmal distance is less than 10 mm, 
it is often difficult to identify the ruptured aneurysm in patients with 
multiple aneurysms and subarachnoid hemorrhage, and it would be 
much even more difficult in patients with short interaneurysmal 
distances. 
To avoid selection errors in the treatment of ruptured aneurysms, the 
current tendency is to treat all of them in a single session whenever 
possible, in this scenario surgery presents a disadvantage compared to 
endovascular methods (cerebral oedema, hydrocephalus and need for 
extensive dissections).113 
In our case series, most distal aneurysms were treated in a second 
procedure. In 3 cases, it was considered that the ruptured aneurysm 
was clearly the proximal one and that the distal aneurysm did not 
present high-risk characteristics (i.e. height less than 7 mm), the 
attending physician considered that the morbidity could be reduced 
by treating the distal aneurysm in a deferred form, after clinical 
stabilization of the acute haemorrhagic event.  
In 2 cases, the neurosurgeon considered that the treatment of the distal 
aneurysm could represent an increased risk of morbidity if performed 
in the same procedure, one of these cases was treated later with 
surgery and another by endovascular procedures. Four cases were 






In total, 9 patients received treatment and a single case remains 
untreated, a 65-year-old patient with a 4.7 mm middle cerebral artery 
aneurysm, the patient's functional status is bad (severe disability) and 
her family rejects treatments, the patient is still followed with periodic 
radiological-clinical assessments. 
6.2 THE ASYNCHRONY OF THE A1 SEGMENT IN THE RISK 
OF RUPTURE OF ANTERIOR COMMUNICATING ARTERY 
ANEURYSMS  
The anatomical configuration of the human arterial system determines 
that with each cardiac cycle, four different waves reach the Willis 
circle at different times. The first branch of the aortic arch is the 
brachiocephalic trunk, which branches into the right common carotid 
artery and right subclavian artery, on the left side the common carotid 
artery and the subclavian artery arise independently and directly from 
the aortic arch. This particular asymmetric configuration and other 
pathological variants such as the existence of atherosclerotic plaques 
determine that the brain pulse is asynchronous.114 
The anterior communicating artery is a complex site due to its 
anatomical characteristics. This artery receives flow from two 
completely independent circulations; In addition, the diameters of 
both anterior cerebral arteries are usually different in patients with 
intracranial aneurysms. Several studies have identified that the 
configuration of the anterior communicating complex is a risk factor 
for the development and rupture of intracranial aneurysms, and also 
increases the risk of complications derived from the treatment of 
aneurysms at this location. 115-117 
Zhang et al,118 analysing 655 cases with aneurysms in different 
locations described that the A1/A2 angle is lower in individuals with 
anterior communicating artery aneurysms, with an average of 106 
degrees compared to 120 degrees in the group that do not have 
aneurysms in this location. In our series, the angle A1/A2 was smaller, 
reaching an average of 82 degrees. The previous study also finds that 
there is a lateralization of the anterior communicating seeding towards 




the side that offers a smaller A1/A2 angle, this finding is comparable 
with our findings. 
Lin et al,119 analysing 79 cases of anterior communicating artery 
aneurysms described lower dominant A1/A2 angles in patients with 
ruptured aneurysms at this location, other studies found similar 
results.120,121 In our study, no significant association was found in this 
variable, although it should be considered that only nine patients with 
unruptured aneurysms were analysed in our study. 
Hemodynamic conditions play an important role in the 
pathophysiology of aneurysm formation, growth and rupture. The 
most described variable is wall shear stress, defined as the frictional 
force exerted by the blood flow tangentially in the light of the vessel. 
This variable is usually diminished in ruptured aneurysms, 
highlighting its potential role in the event of rupture.122 Low shear 
area was also described in many studies as a correlate of a low wall 
shear stress, this variable is defined as the percentage of the 
aneurysmal surface that is subjected to a wall shear stress lower than 
10% of the afferent artery.96 
In our study, there is a significant direct influence of the asynchronous 
pulse in the A1 artery in the hemodynamic conditions of the aneurysm, 
including a reduction in total pressure and changes in time-averaged 
wall shear stress, which are reflected in two groups. Some aneurysms 
showed an increase in TAWSS and a decrease in the low shear area, 
and others behaved in the opposite way.  
In the univariate analysis, higher symmetry rates and lower A1/A2 
angles were associated with an increase in the low shear area, thus 
increasing their theoretical risk of bleeding under asynchronous 
conditions. 
The effect of asynchronous pulses can produce a decrease in TAWSS 
when A1 diameters are symmetric. Considering that two significant 
flows produce a complex interaction resulting in an additive effect on 
the aneurysmal TAWSS over the entire cardiac cycle, this effect 
would not be achieved with asynchrony, and therefore TAWSS would 






On the other hand, in the presence of larger A1/A2 angles in the 
dominant artery, more blood volume would be directed directly to the 
A2 segments without interacting with the aneurysm. The synchrony 
can play a role stabilizing intra-aneurysmal flow and providing an 
effective trophic WSS, that in conditions of asynchrony, would be 
insufficient and reduced. This phenomenon becomes more significant 
when the angle A1/A2 is reduced. 
In addition to the geometric characteristics described above, and 
associated with an increase in the incidence of aneurysms at this 
location, asynchrony could play an important role in the formation 
and growth of aneurysms. Therefore, these variables should be 
considered in subsequent studies that evaluate the hemodynamics of 
this complex location. 
 
6.3 EFFECTS OF THE DECOMPRESSION OF 
INTRACRANIAL HYPERTENSION ON THE REBLEEDING 
OF CEREBRAL ANEURYSMS 
In this study, the structural and hemodynamic changes that occur in 
intracranial aneurysms that presented rebleeding after implantation of 
an external ventricular drainage were evaluated. These cases were 
matched with aneurysms that did not bleed after the same procedure. 
All aneurysms included in this study were initially ruptured 
aneurysms. The dimensions and aspect ratio did not show significant 
differences comparing the rebleeding and non-rebleeding groups, as 
expected by the matching methodology. Most studies of this nature 
describe Von Mises stress and WSS as the main variables of study. 
The findings of our study are compatible with previous studies that 
analysed the same variables in intracranial aneurysms.123 
Wall shear stress has been described in several studies as a variable 
related to trophic changes in the wall of an aneurysm. The aneurysm 
dome region, the most frequent site of rupture, contains areas of low 
WSS. This hemodynamic condition is related to mechanobiological 
phenomena of the endothelium, which favour the degradation of the 




extracellular matrix, promote cell death and other inflammatory 
phenomena leading to a destructive remodeling.3 It is assumed that 2 
Pa of WSS would be sufficient to promote sufficient structure and 
strength in the wall of an aneurysm.124 
If we consider the rebleeding phenomenon after the placement of an 
external ventricular drainage, TAWSS does not show significant 
differences in both conditions, probably because all aneurysms in our 
study share a common initial characteristic, they are ruptured 
aneurysms. On the other hand, the scarce effect of geometric changes 
in relation to the velocity profile usually leads to insignificant changes 
in the WSS in cases of arterial hypertension,125 and a similar effect is 
expected by increasing intracranial pressure. 
Although TAWSS is similar in both groups, certain areas of the 
aneurysm with low TAWSS may contain areas of trophic changes that 
predispose the aneurysm to rupture even with minimal changes of 
wall displacement or effective stress. 
According to MacDonald et al,126 the rupture stress of an aneurysm 
varies between 0.73 and 1.91 MPa. In our study, the effective tensions 
of 2.28 MPa during systole, after the placement of an external 
ventricular drainage, and compared with 4.77 MPa before the 
procedure, suggest that intracranial pressure plays an important role 
in rupture stress. However, the haemostatic effect that is obtained with 
intracranial hypertension, either by a hematoma or by hydrocephalus, 
would be more relevant in the rebleeding process of an aneurysm. In 
addition, lower effective stress after decompression in aneurysms that 
did not rebleed, which in our study reaches 1.42 MPa, could explain 
why these aneurysms did not rebleed after decompression. 
Although the neck of an aneurysm has the highest effective stress of 
all geometry,88 the preferential location of degenerative wall changes 
that contribute to aneurysmal rupture are located in the aneurysm 
dome,127,128 increasing the susceptibility to rupture in this site. 
At present, it is very difficult to establish the characteristics of the 
material and thickness in specific areas of the wall of an aneurysm for 






obtained through surgeries or autopsy pieces, but currently there is no 
medical technology in neuroimaging that has spatial and temporal 
resolution enough to determine this information in vivo and allows it 
to be transferred to clinical practice.129 Therefore, in these studies we 
assume that low shear areas correspond to potential rupture sites, 128 
changes in effective stress and displacement over these areas could 
determine the failure of the material more easily, causing the rupture 
of the intracranial aneurysm. 
In our study, an increase in wall displacement was found after 
implantation of external ventricular drainage in patients who rebleed. 
After the placement of an external ventricular drainage, the hot spots 
of maximum wall displacement of an aneurysm seem to move to other 
areas of the aneurysm geometry (See figures 9 and 10). One of the 
main findings of our study suggests that an increase in wall 
displacement in low shear areas has a stronger association with 
rebleeding than wall displacement in the complete geometry of the 
aneurysm. 
The role of elevated intracranial pressure in patients with 
subarachnoid hemorrhage, either due to acute hydrocephalus or due 
to hematoma mass effect, is of great importance in hemodynamic 
changes. Intracranial hypertension could contribute to an arrest of 
aneurysmal bleeding, as it seems intuitive and has been discussed in 
previous studies.130 A greater maximum wall displacement was found 
in low shear areas in cases of rebleeding compared to control cases. 
This suggests that the significant reduction in intracranial pressure (40 
mmHg or 5332 Pa) that occurs after placing an external ventricular 
drainage would cause the reopening of the initial rupture site, 
cancelling the haemostatic effect of intracranial hypertension, rather 
than causing a new rupture in the aneurysmal wall. Considering this 
discussion in cases of multiple intracranial aneurysms with the 
ruptured aneurysm already treated, procedures that reduce intracranial 
pressure could be considered safe for unruptured aneurysms. 
 




This doctoral thesis presented extensively the findings published in 
previous articles. 131-133 
 6.4 LIMITATIONS 
A large part of the assumptions of the individual conclusions of the 
studies presented here assume the theory of wall shear stress as true 
in the genesis, progression and final evolution in the pathophysiology 
of intracranial aneurysms. 
Although many studies assessed CFD in aneurysms before, there is 
still an open discussion about the role of hemodynamic in the 
inflammatory response; for example, the role of high and low wall 
shear stress in the phenomenon of aneurysmal rupture remains to be 
established. It’s still unknown the role of the geometric changes of the 
aneurysm after rupture. This is a very relevant fact since a large part 
of the assumptions come from studies carried out after the rupture 
event. It is still unknown what will be the meaning of the variables 
resulting from computational fluid dynamics studies and what will be 
the clinical translation of them, taking into account that most 
intracranial aneurysms will never rupture. 
The retrospective characteristics of our studies also represent a 
limitation, under ideal conditions. Certain specific variables of the 
patients such as the arterial velocity profile of the inlets, perfusion 
studies, narrow and detailed clinical follow-up, and systematization 
of the moments of data collection are absent in retrospective records 














- Hemodynamic changes in the distal aneurysm after treatment 
of the proximal aneurysm in cases of multiple intracranial 
aneurysms show an unfavourable risk profile, increasing the 
theoretical risk of aneurysm bleeding. This finding reinforces 
the paradigm of simultaneous treatment of multiple aneurysms 
whenever possible, even the unruptured ones. 
- The asynchrony in the flow of the A1 segments of the anterior 
cerebral artery produces unique hemodynamic changes in 
aneurysms of the anterior communicating artery, there is an 
increase in the low shear area in the absence of asymmetry of 
A1 and higher A1/A2 angles, potentially increasing the risk of 
rupture in aneurysms of this location. 
- Using fluid-structure interaction simulations, structural and 
hemodynamic changes in relation to aneurysmal rebleeding 
after the placement of an external ventricular drainage include: 
an increase in wall displacement throughout the cardiac cycle. 
Differences in wall displacement in low shear areas are 
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